The mega-tsunami of December 2004 caused massive loss of life and damage to property in Sri Lanka and in many other countries bordering the Indian Ocean. Although the destruction caused was unprecedented, given the seemingly low probability of occurrence of destructive tsunami events affecting Sri Lanka, all structures in the vulnerable areas of the coastal belt are not expected to be designed or retrofitted to withstand a future tsunami. However, if it is necessary to locate critical infrastructure in the inundation zone, such structures ought to be designed for tsunami impact to ensure their proper functioning in the event of a disaster. The design of load bearing members of such critical structures requires prior information about the expected intensity of tsunami impact and loading. Although most tsunami hazard maps typically present spatial variations of the flow depth and the flow velocity, it is likely that the combined effect of these two parameters is more reflective of the potential damage to structures. Accordingly, this paper examines the effectiveness of momentum flux, which is proportional to the product of water depth and square of velocity, as an indicator of the potential tsunami loading on structures. A numerical model based on non-linear shallow water equations was used to compute the spatial variations of the flow depth, the velocity and the momentum flux as a case study for four cities in Sri Lanka, which were heavily affected by the 2004 tsunami. The computed values of the above three flow parameters are compared with field data relating to the spatial distribution of the number of houses and other buildings damaged due to the 2004 tsunami. The field observations of the spatial distribution of the percentage of houses and buildings damaged correlate better with the momentum flux than with the flow depth or the flow velocity.
INTRODUCTION
The mega-thrust earthquake of moment magnitude 9.3 that occurred on December 26, 2004 in the AndamanSunda trench caused massive loss of life and damage to property in the coastal belts of 12 countries bordering the Indian Ocean. In Sri Lanka, 13 of the 14 districts lying along the coastal belt were affected: the death toll was over 35,000 with 20,000 injured and about 100,000 dwellings and other buildings either completely or partially damaged, leaving half a million people homeless and causing massive disruption to livelihoods 1 . The damage and losses to the vital sectors of the economy and to the infrastructure, the services and the environment were estimated to be over Rs. 200 billion 2 which was nearly 10% of the country's Gross Domestic Product (GDP) at the time.
raised about the applicability of such tsunami-resistant construction standards, since the life expectancy of a structure may be only 70 to 100 years. Several preliminary investigations based on plate tectonic theory as well as the history of past events in the Andaman-Sunda subduction zone seem to suggest that the frequency of recurrence of an ocean-wide tsunami similar to that which occurred in 2004 is very low 3 .
Therefore, given the seemingly low probability of occurrence of destructive tsunami events affecting Sri Lanka, not all buildings and other infrastructure in the vulnerable areas of the coastal belt are expected to be designed or retrofitted to withstand tsunami loading. However, if it is necessary to locate critical infrastructure such as hospitals, sewage treatment facilities, fire stations, power substations, harbour docks, bridges and communication systems in the inundation zone, such structures ought to be designed to withstand tsunami impact to ensure their proper functioning in the event of a disaster. Structures can be classified critical if the occupants are not sufficiently mobile to avoid injury or death during tsunami overland flow, or the facility is needed for disaster response activities or for maintenance and restoration of essential services in the inundation zone.
The design of load bearing members of such critical structures and vital infrastructure requires prior information about the expected intensity of tsunami impact and loading. Moreover, availability of information about the spatial distribution of the probable tsunami impact in the inundation zone will also enable coastal planners to avoid high risk areas and locate new development in less vulnerable areas.
A question then arises as to which flow parameter is more effective in describing and quantifying the potential impact of tsunami overland flow on structures. Although most tsunami hazard maps typically present the spatial distributions of the maximum values of water depth and flow velocities in the inundation zone [4] [5] [6] [7] , it may be argued that it is the combined effect of these two flow parameters that accurately reflect the intensity of tsunami loading which causes damage to structures, and not the water depth or the flow velocity alone. However, one flow parameter that reflects the effects of both the water depth and the flow velocity is the momentum flux which is proportional to the product of the water depth and the square of velocity. Accordingly, the primary objective of the present paper is to examine the effectiveness of momentum flux as an indicator of the potential tsunami loading on structures.
In the present study, a numerical code based on nonlinear shallow water equations was used to compute the spatial distributions of the instantaneous water depth, the flow velocity as well as the momentum flux of the onshore flooding caused by the 2004 tsunami as a case study for four cities on the south and east coasts of Sri Lanka, namely, Matara, Galle, Hambantota and Trincomalee (Figure 1) . The calculated values of the above parameters across the computational domains in each of the four cities are compared with the data relating to the proportion of houses and other buildings damaged in each Grama Niladhari (GN) division 1 due to the December 2004 tsunami. The analysis suggests that the mean values of the computed momentum flux correlates better with the percentage of housing and other buildings damaged in each GN division than with the water depth or the flow velocity taken alone.
METHODS AND MATERIALS

Definitions:
The tsunami waves gain in height as they cross continental slopes into shallow water, and eventually, either break before arriving at the shoreline or merely surge over the nearshore bathymetry without breaking, depending on the wave characteristics and the slope of the nearshore sea bottom. A breaking tsunami wave front moves inland as a surging bore, whilst a non-breaking wave will appear as a fast rising tide with a rapid increase of water level causing flooding onshore. This turbulent, fast-moving flow results in damage, collapse, or floating away of buildings and vegetation as well as drowning of people.
Inundation distance is the maximum horizontal penetration of tsunami flooding in the direction normal to the shoreline, whilst run-up is the difference between the elevation of maximum tsunami penetration and (Figure 2 ). The inundation distance and the run-up height of the overland flow depend on the wave characteristics, the nearshore bathymetry and the onshore topography, as well as the nature of any coastal structures and the type of land use. The water that ran up inland will run down (drain away) to the sea under gravity causing further damage and carrying off loose objects and people in its path as it retreats.
The following parameters pertaining to both the run-up and the run-down processes are usually employed to describe the tsunami impact onshore:
Maximum depth-averaged current speed,
where, h s is the still water depth; is the amplitude; t is the time; x and y, respectively, are the directions pointing to the east and the north; and u and v, respectively, are the depth-averaged velocities in the x and y directions.
Regions with large flow depths in tsunami overland flow do not necessarily correlate with regions of large velocities 8 . As a tsunami propagates over dry land, the flow depth decreases towards the point of maximum run-up where the velocity at the tip of the surging front becomes zero, indicating that in this case both h and V are small; however, during run-down under gravity, the flow depth could be comparatively smaller, but the velocity can be substantial depending on the ground slope. It may be argued that, rather than the water depth and the flow speeds taken separately, it is the combined effect of these two parameters that causes damage to structures. Accordingly, the maximum momentum flux of the overland flow defined as follows may be more useful in describing the potential tsunami impact onshore:
Maximum momentum flux per unit width normal to the flow,
where, is the density of sea water.
A Momentum Flux Index (MFI) is defined as follows:
A numerical model based on non-linear shallow water equations was used to compute the flow depths (h) and flow velocities (u, v) as well as the MFI across the areas of interest in the four cities.
Numerical model: The fault plane model and the hydrodynamic model used to simulate the generation and the propagation of the 2004 tsunami from its origin in the Andaman-Sunda trench to the shores of Sri Lanka is described below. The nested grid set-up used in the hydrodynamic model is also described. A previous study 10 employed available seismic data as well as hydrodynamic data to iteratively develop a 5-segment co-seismic tsunami source for the above 26 December 2004 event. In a subsequent study 11 , the numerical simulations based on this fault plane model showed good agreement with measured run-up heights along the Andaman coast of Thailand.
The contours of initial surface elevation for the above co-seismic tsunami source computed using Okada's dislocation model 12 and reported in Grilli et al. 10 is shown in Figure 3 . Further, it is assumed here that the sea surface follows the sea bed deformation instantaneously. Note that in Figure 3 , the continuous lines represent uplift and dashed lines represent subsidence, both at 1 m contour intervals in the range -5 m to + 8 m. The background bathymetry is also plotted in grey at 500 m contour intervals.
The present simulations employed the initial surface elevation from the above source model 10 . Grid set-up for hydrodynamic model: A dynamically coupled system of nested grids was employed to simulate the tsunami propagation from Andaman-Sunda subduction zone towards Sri Lanka and the subsequent inundation of the onshore terrain of the cities under study. The numerical simulations for the southern and the eastern coasts were carried out separately: the details of the nested grids employed to simulate tsunami inundation in Galle, Matara and Hambantota on the south coast and Trincomalee on the east coast are given in Table 1 and Table 2 , respectively. The bathymetry data for the largest grid employed in the simulations, i.e., Grid 1, was obtained by interpolating ETOPO2 data 13 with a resolution of 2 arc minutes to a grid of 0.6765 arc minutes (~1250 m) spacing.
The bathymetry data for Grids S2 (Table 1 ) and E2 (Table 2 ) with a grid resolution of 0.1353 arc minutes (~250 m) as well as for Grids S3 and E3 (grid spacing 50 m) were at first interpolated from ETOPO2 data and were then updated with data from the available navigation charts of the UK Hydrographic Office. These navigation charts typically covered depths down to about 3000 -4000 m at scales of 1:150,000 or 1:300,000. The nearshore bathymetry of some areas was updated with higher resolution navigation charts at scales of 1:10,000 and 1:15,000.
Three fourth level grids with a grid spacing of 10 m were used to cover the three cities on the south coast: grids S41, S42 and S43 for Galle, Matara and Hambantota, respectively. The topographic data for these grids were obtained from high resolution LIDAR (Light Detection and Ranging) survey data (The precise digital earth model of the coastal areas of Sri Lanka, Project Director: Prof. Fabrizio Ferrucci, Italy) made available to the author by the Ministry of Disaster Management and Human Rights of the Government of Sri Lanka. These LIDAR data have been acquired at a horizontal resolution of 1 m and a vertical resolution of not more than 0.3 m and were originally projected on to the UTM WGS84 -Zone 44N coordinate system. Subsequently, these LIDAR maps were projected on to the Geographic Coordinate System with WGS84 as the datum, and were subjected to ground truthing for validation.
The fourth level grid employed to simulate the inundation in the city of Trincomalee on the east coast (Grid E41 in Table 2 ) was constructed by utilizing 1:5000 scale digital topographic data obtained from the Survey Department of Sri Lanka as LIDAR data were not available for the east coast.
Hydrodynamic model formulation:
The mathematical model used in the present work is the Cornell Multigrid Coupled Tsunami Model (COMCOT, coded in FORTRAN 90) which solves the non-linear shallow water equations on a dynamically coupled system of nested grids using a modified leap-frog finite difference numerical scheme. This model has been validated by experimental data 14 and has been successfully used to investigate several historical tsunami events, including the 2004 Indian Ocean tsunami [15] [16] [17] .
Using a nested grid system, COMCOT is capable of simultaneously calculating the tsunami propagation in the ocean and the inundation in the targeted coastal zones. In the nested grid system, the inner (finer) grids adopt a smaller grid size and time step and are nested inside an outer (larger) grid. At the beginning of each time step, along the interface of two different grids, the volume flux, which is a product of water depth and depth-averaged velocity, is interpolated from the outer grids into inner grids. The water surface elevations and the volume fluxes in the inner grids are calculated and the resulting free surface elevations are averaged to update those values in the larger grids, which overlap the inner grid. The volume fluxes in the outer grid can also be updated. With this algorithm, we can capture nearshore features of tsunami dynamics with a high spatial and temporal resolution whilst maintaining a high computational efficiency 16 . To simulate onshore flooding, a moving boundary scheme described in Cho 18 was used, in which the "shoreline" is defined as the interface between a wet grid and its adjacent dry grids. Along the "shoreline", the volume flux is assigned to be zero. Once the water surface elevation at the wet grid is higher than the land elevation in its adjacent dry grids, the "shoreline" is moved one grid toward the dry grid and the volume flux is no longer zero and needs to be calculated by the governing equations. ).
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Grid No.
Extent of grid (Geographic, WGS84)
No. Table 3 for coordinates of locations The amplitude of the 2004 tsunami during its propagation was in the order of magnitude of 1 m, whilst the wavelength of the leading wave was in the order of magnitude of 100 km. Thus, linear shallow water equations are adequate to solve tsunami propagation in the first, second and third level grids.
On the other hand, in the inundation areas of the fourth level grids, the water depth becomes very small and approaches zero at the tip of the surging bore. Thus, the non-linearity, i.e., the ratio between wave amplitude and water depth, could become significant. However, owing to the shallowness of the water, the frequency dispersion effects, which are represented by the water depth to wave length ratio, can still be negligible. Considering these, non-linear shallow water equations inclusive of bottom frictional terms were adopted to describe the tsunami overland flow in fourth level grids.
As the spatial extent is comparatively larger in first and second level grids, we used the linear shallow water equations on the spherical coordinate system as given in the following:
where, is free surface elevation; ( , ϕ) denote the longitude and latitude of the Earth; R is the Earth's radius; P and Q stand for the volume fluxes (P = h s u and Q = h s v); and f represents the Coriolis force coefficient.
However, given the comparatively smaller spatial extents of the third and fourth level grids, the governing equations were solved in Cartesian coordinate system in these regions. The non-linear shallow-water equations in Cartesian coordinate system can be expressed as: ... (6) where, τ x and τ y are the bottom shear stresses in x-and y-directions, respectively; and P and Q stand for the volume fluxes (P = hu and Q = hv). Moreover, because of the smaller spatial extents of the second, third and fourth level grids, the Coriolis force effect is not considered for these regions.
The bottom shear stress terms are modelled by using the Manning's formula:
... (7) where, n is the Manning's coefficient, which represents the roughness of the land surface. In the absence of detailed information regarding the land use and given the difficulties in characterizing the roughness of an irregular surface consisting of man-made structures, a uniform value of n = 0.02 for onshore terrain of all four cities was used.
Analysis of numerical model results:
The output data files of COMCOT numerical model include water surface elevation as well as depth-averaged velocity components in longitudinal (or x-) and latitudinal (or y-) directions at each time step for each grid nested in the computational domain. Such data files for the fourth level grids were then processed using Matlab version 6.5 software to obtain the spatial variations of the maximum water depth (h), the maximum current speed (V) and the MFI in the four cities considered in this study.
Furthermore, the analysis of data was extended to examine the reliability of MFI as an indicator of tsunami damage compared to the two parameters typically employed in depicting tsunami hazard, i.e., h and V. Table 3 : Coordinates of locations referred to in Figure 4 coastal belt 1 . In this survey, a place of dwelling of human beings separated from other places of dwelling and with a separate entrance is termed a 'housing unit' whilst every building or part of a building which is not used as a place of dwelling is termed 'other buildings'. Such other buildings include offices, shops, hospitals, hotels and restaurants. Accordingly, a mosaic of approximate boundaries of the GN divisions covered in the modelled area of each city was laid on raster files of the spatial variation of the three flow parameters, namely, the water depth, the flow velocity and the MFI, using Global Mapper version 8.03 GIS software. Then, separate data files containing the value of each of these parameters at every grid point in each of the GN divisions were created using tools available for this purpose in Global Mapper. These data files were then used to obtain the following statistical quantities of the above three parameters (MFI, h and V) for each GN division: the mean; the average of the highest one-third; and the average of the highest onetenth.
RESULTS AND DISCUSSION
Verification of model results
At the outset, field measurements of maximum water levels and the furthest extent of overland flow due to the 2004 tsunami were compared with the corresponding results from the model in order to verify the reliability of the seismic source model as well as the hydrodynamic model of tsunami propagation and inundation employed in the present study.
In Figure 4 the computed maximum water levels at selected locations close to the shoreline in the four cities were compared with those measured by post-tsunami survey teams. The coordinates of the locations where field measurements are available are given in Table 3 . It is seen in Figure 4 that the computed water levels on the whole show good agreement with the field measurements, especially considering both the uncertainties involved in The numerical results were further verified by comparing the model simulated extent of overland flow with the field measurements of the points of maximum penetration of inundation reported previously 22 . It was found that a Manning's bottom roughness value of n = 0.02 (which is the typical value of n for firm soil) gave good agreement of model predicted extent of inundation with the measured points of limit of inundation, as shown in Figure 5, N) : the field records indicate that tsunami flooding has travelled up to this point along a narrow, small stream; however, it was found that the 10 m gridding of topographic data employed in the present simulations was too coarse to fully resolve such a narrow stream, and consequently, the inability of the model to simulate flow towards this point. Similar comparisons carried out for the cities of Galle and Hambantota too showed good agreement. However, a satisfactory comparison could be seen only for about two-thirds of the coastline of the city of Trincomalee. Since high resolution LIDAR data of the onshore terrain were not available for the city of Trincomalee, it is possible that inaccuracies in the topographic data used could be one contributing factor.
Momentum flux index
City of Matara
The spatial distribution of the MFI (see eq. 4 for definition) for the city of Matara is shown in Figure 6 . The results are shown in three colour bands in grey scale: values of MFI up to 3 (i.e., representing momentum flux per unit width in the order of magnitude of 10 3 N), between 3 and 4 (i.e., 10 4 N ~ 1 ton) and higher than 4. We see that the MFI for the modelled area of the city of Matara falls mostly between 3 and 4 except in certain localities adjacent to the shoreline as well as closer to the furthest limit of inundation.
It is interesting to examine if any correlation exists between the computed values of MFI and the degree of damage caused by the 2004 tsunami to the housing and other buildings in the city of Matara. As comprehensive data relating to the number of structures damaged are available at the lowest administrative level of GN divisions 1 , the approximate boundaries of the GN divisions falling within the computational domain covering the city of Matara are identified in the inset of Figure 6 together with Table 4 to enable such a comparison. The proportions of housing units and buildings either completely damaged or partially damaged and unusable in each GN division are also given in Table 4 as a percentage of the total number in the respective GN division. The computed values of the mean as well as the average of the highest one-third (MFI 1/3 ) and the average of the highest one-tenth (MFI 1/10 ) of the spatial variation of MFI at all grid points in each GN division are also tabulated. In addition to the mean, the computed values of MFI 1/3 and MFI 1/10 are also given since the latter quantities may be more appropriate for the design of structural elements subjected to potential tsunami loading. Note that an MFI value of zero was assigned to those grid points for which computed water depths were lower than 1 cm and thus negligible with regard to potential damage.
The GN divisions of Kotuwegoda South (No. 5 in Table 4 ), Fort (9), Thotamuna (13) and Polhena (21) have mean values of MFI mean higher than 3 and values of MFI 1/10 higher than 4; in addition to these GN divisions, Eliyakanda South (1), Kotuwegoda North (6) and Pamburana (18) City of Galle Figure 8 shows the spatial distribution of MFI for the city of Galle. As for Matara, the approximate boundaries of the GN divisions falling within the modelled area of the city of Galle are identified in the inset of Figure 8 together with Table 5 .
The GN divisions of Katugoda (No. 1 in Table 5 ), Magalle (3), Pettigalawatta (7) and Cheena Koratuwa (15) have mean values of MFI higher than 3 and values of MFI 1/10 higher than 3.9; in addition to these GN divisions, Mahamodara (21) and Siyambalagahawatta (24) too indicate values of MFI 1/10 higher than 4.5.
Let us now compare in Figure 9 (a) the percentage of housing units damaged and unusable in each GN division of the city of Galle (vertical axis on the left of the plot) with the respective mean value of MFI (vertical axis on the right). On the whole, the computed values of MFI follow the trend of the percentage of housing units damaged in each GN division in the computational domain of the city of Galle. However, the values of MFI in two adjacent GN divisions of Cheena Koratuwa (No. 15 in Table 5 ) and Minuwangoda (16) are higher compared to the overall trend shown by the percentage damage to housing units.
A similar comparison of the percentage of buildings damaged and unusable in each GN division with the respective mean value of MFI is shown in Figure 9 (b). As for housing units, the computed values of MFI, on the whole, also follow the variation of percentage of buildings damaged. However, the mean value of MFI for the GN division of Minuwangoda (No. 16 in Table 5 ) is comparatively higher than the general trend shown by the percentage of buildings damaged.
City of Hambantota
The spatial distribution of MFI for the city of Hambantota is shown in Figure 10 . The momentum of the tsunami surge through location A had been very high with values of MFI exceeding 4 -6. Several eyewitness reports also confirm tsunami rushing through this area with considerably high momentum. The elevated terrain to the south of this locality and the sand dune to the north-east may have contributed to this apparent rush of tsunami overland flow through the low lying ground in the vicinity of location A. There is also a patch of MFI higher than 4 in the vicinity of location B: apparently, the sand dune at this location had been breached and the tsunami flood flow had rushed through with greater momentum.
Only two GN divisions of large spatial extent cover the entire modelled area of the city of Hambantota. Therefore, a detailed analysis of the possible correlation between MFI and percentage of housing units and buildings damaged was not attempted. Figure 11 suggests that the MFI for Trincomalee is lower than 3 for most areas except in a narrow strip along the coastline and in the vicinity of locations marked C and D. This observation is consistent with the comparatively lower maximum water levels (2.8 m and 3.2 m) measured by Liu et al. 21 near the city of Trincomalee and in adjacent areas in the aftermath of the 2004 tsunami.
City of Trincomalee
It must be added that the numerical simulation was confined to onshore flooding directly from the eastern seaboard of the city. The field surveys confirmed overflowing of the inner harbour and lagoon in the southwestern part of the city as a result of the tsunami surge propagating into these partially enclosed waterbodies. However, the tsunami propagation inside the harbour and across the lagoon could not be simulated owing to lack of reliable bathymetric data.
Unfortunately, sufficiently comprehensive data relating to damage to housing units and buildings for all GN divisions of the modelled area of the city of Trincomalee were not available. Therefore, an analysis of the degree of correlation between the spatial variations of MFI and percentage of housing units and buildings damaged in Trincomalee was not attempted.
Statistical analysis
The results from the numerical simulations were also processed in the same way as for the MFI to obtain the mean values of flow depth and flow velocities for the GN divisions listed in Table 4 and Table 5 , respectively, for the cities of Matara and Galle. The correlation between the spatial variations of the percentage of housing units damaged and each of the three flow parameters, namely, MFI, flow depth and flow velocity is given in Table 6 . A similar comparison is made between the percentage of buildings damaged and each of the three flow parameters in Table 7 . Table 6 shows that the correlation coefficient (r) between the MFI and the percentage of housing units damaged in Matara is significantly more than those between the flow depth and the damage as well as the flow velocity and the damage. Similarly, Table 7 indicates that the percentage of buildings damaged in Matara too shows a better correlation with the MFI than with the flow depth or the flow velocity. For Galle, both the MFI and the flow depth correlate almost equally well with the percentage of housing units damaged (Table 6 ) as well as with the percentage of buildings damaged (Table 7) . However, the correlations between the flow speed and the percentages of damaged housing units as well as buildings are comparatively poor.
It must be added that the underlying presumption in the above statistical analysis is that the relation between MFI and the percentage of structures damaged is linear although these two variables need not necessarily relate linearly. Nevertheless, the satisfactory correlation shown between MFI and the percentage of housing units and buildings damaged is probably encouraging considering the fact that there are variables other than the tsunami loading that could also influence the degree of damage suffered by a structure, for example, the type of building material used (i.e., masonry or reinforced concrete), the orientation and the shape of the building, presence of cross-walls and bracings, number of storeys and the level of shielding and resistance provided by neighbouring buildings, trees and vegetation 23 .
Model limitations
It must be mentioned that there are several limitations involved in modelling tsunami overland flow. One is that, since the initial condition for the modelling is determined by the displacement of the ocean bottom along the fault line, the largest source of errors is the seismic source model. Another significant limitation is that the resolution of the modelling is no greater or more accurate than the bathymetric and topographic data used. Although high resolution topographic data were available for three of the four cities considered in the present study, the resolution of the bathymetric data used is much less.
The results from the present study provide an indication for local planners and designers to identify areas that are likely to be more vulnerable in terms of potential damage to property in the event of a major tsunamigenic earthquake in the Andaman-Sunda fault line and for public education and awareness activities. Because of the uncertainties inherent in this type of modelling, these results are, however, not intended for land-use regulation.
CONCLUSION
The onshore flooding caused by the 2004 Indian Ocean tsunami in four cities on the southern and eastern coasts of Sri Lanka have been numerically modelled using non-linear shallow water equations in order to examine the effectiveness of momentum flux as an indicator of the potential tsunami loading on structures. The model results have been processed to obtain the spatial distributions of the maximum values of the momentum flux as well as the depth of flooding and the flow speeds. A comparison of the computed values with the field data of the above three flow parameters show how they relate to the spatial distribution of the number of housing and other buildings damaged due to the 2004 tsunami and suggests that the spatial distribution of the percentage of housing and buildings damaged correlates better with the momentum flux than with the flow depth or the flow velocity. Extension of the present work to other parts of the affected coastal belt is recommended in order to conclusively establish the effectiveness of momentum flux in describing the potential tsunami loading.
